I. INTRODUCTION
O VER the last decade or so numerous voltage-mode and current-mode high-order operational transconductance amplifier (OTA)-C filter structures have been reported [1] - [12] . Such structures have often been developed with different design criteria in mind, including reduced number of active elements, grounded capacitors, and simple design methods. In [9] , different voltage-mode structures were proposed capable of synthesizing th-order filters with both transmission poles and zeros. The filters employ active elements, and n grounded capacitors for canonical realizations. The active elements consist of single-ended-input OTAs, and differential-input OTAs. It was pointed out in [8] that single-ended-input OTAs should be employed in place of differential-input OTAs in the filter structure to avoid the generation of parasitic zeros due to the finite input parasitic capacitances of the differential-input OTAs. In [10] , an OTA-C filter structure with single-ended-input OTAs, and only one differential-input OTA was presented, a structure that was also mentioned as a noncanonical follow-the-leader-feedback (FLF) structure in [9] . Whilst this noncanonical voltage-mode FLF structure has reduced the number of differential-input OTAs, it has increased the number of single-ended-input OTAs from to , clearly an unsuitable solution from component count point of view. In the literature, there have been a number of current-mode multiple loop feedback OTA-C filters using single-ended-input OTAs and grounded capacitors [1] , [11] , [12] . It would be very interesting to use the advantages of these current-mode filters to realize voltage transfer functions without increase in the component number and without use of differential input OTAs. Furthermore, the structures of [9] - [12] have one input and one output which mean that there is a different filter topology for different filtering function. In some applications, however, simultaneous outputs of different high-order filtering functions may be needed.
The aim of this paper is to present two new high-order OTA-C filter structures employing only single-ended-input OTAs, and grounded capacitors, based on the canonical current-mode FLF OTA-C filter structure [11] , [12] , but for the realization of voltage transfer functions. The first one is capable of providing different filtering functions lowpass (LP), highpass (HP), and bandpass (BP) from different nodes without changing the filter topology. This is achieved without increasing the number of active elements; in fact, it has the least number of active and passive elements when compared with some recently reported voltage-mode works including [9] , [10] . The second one is obtained by adding a linear input distribution OTA network to the first one. Any voltage th-order transfer functions can be realized by the second one which simultaneously enjoys three main attractive criteria: the minimum components, only single-ended-input OTAs, and only grounded capacitors [8] . [11], [12] , which is here taken for realization of voltage transfer functions.
The filter structure of Cross multiplying the transfer function of (1) as , and rearranging the result, we obtain (2) From (1), we have
Substituting (4) into (2) gives (5) Equation (5) is a voltage relationship. In order to be consistent with the input-and-output current relationship of an OTA, i.e., , we multiply each side of (5) by an equal transconductance of unity value (1), leading to (6) Then, (3) can be derived as namely (7) Substituting (7) into (6) yields (8) By using the active element OTA, whose characteristic relationship is , and the grounded capacitor, whose admittance is , to implement (7), a fundamental OTA-grounded capacitor structure is obtained by a grounded capacitor (with capacitance ) connected with the output terminal of a single-ended-input OTA (with transconductance unity) having an input voltage and an output voltage across the grounded capacitor. Next, we implement (8) using the output currents of the OTAs and Kirchhoff's current law. The combination of the individual circuit yields the circuit shown in Fig. 1 , in which all the coefficient values are normalized.
In summary, the proposed synthesis method has decomposed the th-order transfer function (1) into transfer functions including first-order transfer functions [ (7)] and one constraint equation [ (8)]. To illustrate the synthesis method, con- sider the structure generation of a fourth-order filter. The synthesis method uses (7) and (8) . Based on these equations, when , the fourth-order OTA-C filter has the following three transfer functions: It should be noted that, in general, a voltage follower may be necessary at the output of the filter to buffer the output and avoid the effects of load capacitance or resistance changing the response of the filter.
III. NEW OTA-C FILTER STRUCTURE FOR REALIZING -TH-ORDER UNIVERSAL VOLTAGE TRANSFER FUNCTIONS
In Section II, we proposed a new filter structure, shown in Fig. 1 , for realizing th-order OTA-C LP, BP, and HP filters. Equation (1), corresponding to Fig. 1, shows that there are different-order transfer functions which can be realized at different nodes in Fig. 1 , respectively. The general th-order voltage transfer function (10) is the linear combination of the different-order transfer functions shown in (1), i.e., where (11) Two synthesis approaches to realize the above relationship are proposed as follows.
i) Using the linear combination method to perform the synthesis, multiply both sides of (11) by and obtain (12) Then, we take each nodal voltage in the circuit structure of Fig. 1, i. e., in which , and , as the input voltage of an extra OTA with the transconductance . Join all of the output terminals of the extra OTAs and connect the summing point with an equivalent grounded resistor realized by a single-ended-input OTA with unity transconductance. The realized circuit structure uses single-ended-input OTAs and n grounded capacitors. ii) A more effective synthesis approach is explained as follows. Multiply both sides of (11) by and obtain the following other form [different from (12) ] (13) The physical meaning of the above relationship is "to insert different weights of the input voltage signal into each node in the filter structure shown in Fig. 1 and then obtain the output voltage signal". According to this approach [1] , [9] , [12] , giving a forward signal, with a weight of input voltage signal, from input voltage node to each inner node in the filter structure shown in Fig. 1 , we obtain the other new OTA-C filter structure, shown in Fig. 2 , for realizing the general nth-order voltage transfer function shown in (10) . The realized circuit structure uses single-ended-input OTAs and n grounded capacitors. The circuit structure (Fig. 2) of approach (ii) uses two fewer single-ended-input OTAs than that (Fig. 3) of approach (i) and is recommended to realize the general nth-order voltage transfer function shown in (10) . Note that, in Fig. 2, all OTAs have single-ended input and all n capacitors are grounded. The numbers of active OTAs and grounded capacitors are the minimum numbers [9] to realize such a general nth-order voltage transfer function shown in (10).
In Fig. 1 , although we let all the tranconductances of the OTAs be unity and let the capacitances of n grounded capacitors be , and , in fact, all the values of the transconductances and the capacitances can be given flexibly. The restriction of the values of the transconductances and the capacitances shown in Fig. 1 is used for being consistent with the derivation process and the original given transfer functions shown in (1) . Similarly, in order to simplify and clarify the network analysis of Fig. 2 , we let the value of each grounded capacitor be unity although, as a matter of fact, it can be given by any different required value. Circuit analysis yields the transfer function of Fig. 2, shown in (14) at the bottom of the page. All , can be found exactly, i.e., and for (15) by solving the following equations:
All can be found exactly by solving the following equations:
In any case, if the calculated , then, the corresponding OTA should be eliminated; and if the calculated negative value, then the two input terminals of the corresponding OTA should be interchanged.
The relative sensitivities are the values of filter characteristic parameters with respect to circuit elements. If we let the values of all capacitors from the right side in Fig. 2 be , and , respectively, as we divide both numerator and denominator of its transfer function by , the transfer function of Table I shows a comparison in terms of number of OTAs and types of OTAs between the proposed filter structures (Figs. 1 and 2), and those recently reported in [9] and [10] .
Another parameter which needs to be compared with one another is the span (or spread) of filter component values which may be large for high-order filters. A wider span of filter component values leads to a worse implementation carried out in CMOS which will create the quadratic current ratios. To give insight into what the component spread of the new filter structure shown in Fig. 1 , Table II provides the comparison of the fourthorder Butterworth HP, LP, and BP filters designed using the proposed filter (Fig. 1 ) and those reported in [9] , [10] . Table II gives  the component spread for equal transconductance and equal capacitance designs. It can be seen that the proposed filter has the same component spread (equal design) as those in [9] , [10] except the case for BP in [9] . In the case of equal design, the filter in [10] has the least component spread, and our filter has better component spread than that in [9] .
To verify the theoretical analysis of the proposed filter structure shown in Fig. 1 , a third-order LP and HP OTA-C filter has been simulated using H-Spice with the UMC05 level-49 parameters, with for nMOS and for pMOS transistors, and the component values: 1) S ( A), 18 pF, 9 pF, and 4.5 pF for the responses with 0.990 MHz, using 2.5 V, and 2.5 V; 2) S ( 10.495 A), 10 pF, 5 pF, and 2.5 pF for the responses with 1.999 MHz, using 2.5 V, and 2.5 V. The OTAs were implemented using the CMOS circuit given in [13] . Fig. 3 shows the simulated LP and HP responses of the filter. As can be seen, there is a close agreement between theory and simulation, for example, the simulated 3 dB frequencies are 0. order and responses were also simulated and found to perform as theory predictions.
V. CONCLUSION
This paper has presented two new high-order filter structures (shown in Figs. 1 and 2) that employ only single-ended-input OTAs and grounded capacitors. It has been shown how decomposing analytically an nth-order transfer function into simple realisable transfer functions using OTA-C circuits produces the first filter structure that employs less active elements than some of the recently reported methods and offers simultaneous multiple outputs. The proposed first filter structure has single-ended-input OTA, and grounded capacitors for a given filter order, . Realizing the general transfer function by using the more effective synthesis approach different from the linear combination of each output signal of the first filter structure leads to the second filter structure which can realize any kind of voltage transfer functions employing the minimum components, only "single-ended-input" OTAs, and only "grounded" capacitors.
